A substantial body of research has been conducted on the potential water quality impairments associated with land application of poultry broiler litter. However, until recently, little attention has focused on the potential for nutrient runoff from dust emitted from broiler production houses despite related air quality concerns raised by the United States (US) Environmental Protection Agency. The objective of this study was to characterize the composition of broiler house dust (BHD) and compare BHD composition to that of broiler litter (BL). Dust composition varied significantly (P < 0.05) among facilities operated by different integrator companies, likely due to differences in feed and house management among integrators. Specifically, BHD pH was lower (P < 0.05) in Facility 1 than in Facilities 2 and 3, which did not differ, whereas BHD K and Ca were greatest (P < 0.05) in Facility 1 and 2, respectively. The facility average moisture content of BHD was at least 1.9 times lower than that for the BL from the same facility. The facility average total phosphorus (TP) and water extractable phosphorus (WEP) concentrations in BHD were at least 1.2 and 1.6 times greater, respectively, than that for BL from the same facility. The greater WEP in BHD than in BL is of particular environmental importance given that extensive research shows WEP to be a major variable influencing P runoff risk. The facility average total nitrogen (TN) concentration in BHD was at least 3.0 times greater than that for BL from the same facility. As TP, WEP, and TN are greater in BHD than in BL, there is a greater risk of nutrient enrichment of runoff from an equivalent mass of BHD than BL. The results of this study highlight the need for careful management of dust emissions from broiler houses and a need for conservation practices to minimize the risk of BHD increasing nutrient runoff and its loss to waters of the US.
Introduction
Broiler house dust (BHD) emissions have recently gained the attention of the United States (US) Environmental Protection Agency (EPA), as concerns increase over air and water quality issues associated with broiler production facilities [1] . These concerns center mainly on the release of phosphorus (P) and nitrogen (N) into the environment as a result of BHD emissions. The broiler production houses to which EPA is referring include broiler chickens (Gallus gallus domesticus), broiler egg-laying hens, and turkeys (Meleagris gallopavo), which are all produced on dry bedding materials. The bedding material is typically comprised of wood shavings, rice (Oryza sativa) hulls, peanut (Arachis hypogaea) hulls, sand, or a combination of these.
The concentration of broiler operations in northwest AR, which is second only to GA in annual broiler production (i.e., by weight) in 2014 [2] , has led to extensive research on the contribution of broiler operations and land application of litter on area pastures to P and N enrichment of surface waters [3] [4] . Fueled by several ongoing lawsuits in northwest AR and the Chesapeake Bay Watershed [1] [5] [6] , this led to an urgent need for reliable information on the relative contributions of these and numerous other sources of P and N inputs to area streams and lakes at a watershed scale. However, little research has been conducted regarding the composition or fate of nutrients in dust emitted from broiler production houses to the environment.
Dust from broiler production facilities is the fine particulate portion of broiler litter that is a combination of feathers, fecal material, skin, spilled feed, mold spores, bacteria, fungus, and bedding fragments [7] , which is commonly expelled from the broiler house through sidewall and tunnel ventilation fans. Fans at broiler production houses are operated for different purposes and at different times during a flock production cycle, which greatly affects the amount of dust exhausted by each fan. There are two modes of fan operation, desired room temperature and minimum ventilation. Fans are operated to maintain the in-house temperature at a desired level, and to provide the required air quality needed by the birds. Sidewall fan use dominates during cooler weather. Tunnel fan use is greater during warmer weather and each tunnel fan exhausts at a rate that is approximately 2.5 times greater than a sidewall fan, resulting in significantly more dust being exhausted from the house during tunnel ventilation fan use.
An EPA study conducted in Kentucky estimated that a single broiler house emits greater than 785 kg of dust per year [8] . The US produces approximately 8.4 billion broiler chickens annually for consumer consumption [9] . Considering that there are approximately 61,301 broiler houses in the US, this equates to an estimated 48,000 Mg (or 48,000 tonnes) of dust emitted annually from broiler houses. Figure 1 depicts dust deposited on the ground adjacent to broiler house tunnel ventilation fans, and shows the exposure of the site to natural rainfall and subsequent potential runoff from the site.
While EPA has conducted studies to quantify dust emissions, little data are available regarding the nutrient composition of the BHD as it relates to water quality impairment. In order to accurately estimate the potential contribution of dust emitted from broiler houses to nutrient runoff, a detailed physical and chemical analysis of the BHD is needed. As the nutrient composition of BHD likely varies with bedding material type, management and integrator feed composition, an evaluation of BHD composition among facilities representing different integrators is warranted. A concurrent analysis of broiler litter (BL) would allow for comparison of the composition of dust and litter from which the BHD originated.
The objectives of this study were to characterize BHD and BL composition among various facilities in northwest AR and to evaluate the effects of fan type, fan location, and time of year on dust composition within a single facility. It was hypothesized that the nutrient composition of BHD would vary among integrator facilities due to differences in feed composition and house management, and that BHD composition would be similar to source BL. It was further hypothesized that there would be no differences in dust composition between sidewall and tunnel fans at a given facility. However, BHD composition from fans at the same facility was expected to vary during a year with house management and weather. One unique aspect of this research was the ability to collect samples from two private facilities and a University-of-Arkansas-operated facility, where all operated on a commercial basis for three different integrators. 
Materials and Methods

Site Description
A single, representative contract broiler production facility was identified for each of the three primary broiler producing companies (i.e., integrators) in northwest AR. As dust is emitted from the houses by ventilation fans, residual amounts settle on fan shutters and bird barriers (i.e., screens on the inside of the fans to prevent birds from entering the fan box). The two types of broiler house fans, sidewall and tunnel ventilation fans have a typical average flow of 227 and 566 m 3 ·min −1 , respectively. Dust was collected from both types of fans.
Experimental Design
As every broiler production facility is managed slightly differently for air quality and bird health, this study was a survey to establish a baseline comparison between BHD and BL across various integrators in northwest AR. The experiment was treated as a block design, with the independent variable being the integrator and the dependent variables being the nutrient composition of BHD and BL.
Litter and Dust Sample Collection
Collection of BHD occurred within three days of bird removal from a house and prior to any in-house cleaning between flocks, and after at least three flocks of birds had been produced on the same bedding material. Based on personal experience, after three flocks, the in-house uniformity of BL composition generally increases. Broiler house dust was collected on rain-free days to minimize any fluctuations in sample moisture due to ambient humidity.
Broiler litter samples were collected from the production house prior to litter cleanout by standard sampling protocols that involved collecting 10 grab samples, from the surface to the floor, which was approximately 15-cm deep, in a zig-zag pattern within the house. Samples were combined, mixed, and subsampled to create one representative, composite sample for each facility.
A sampling protocol was established for obtaining consistent dust samples. Dust was collected inside the broiler houses from the tops of fan shutters and bird barriers. As BHD is extremely light and disperses easily unless air movement within the facility is minimal, all fans were turned off while sampling. Dust from each fan was sampled and stored independently. A 2.5-cm-wide brush was used to brush dust into a plastic dustpan with a hollow handle. Samples were stirred in the dustpan with a clean spatula. The handle of the dustpan was placed inside the sample container and the brush was used to sweep the dust into the container through the dustpan handle. Once filled, sample containers were immediately capped to avoid contamination. Surplus dust from the composite sample in the dustpan was discarded. Between sampling each fan, all materials were thoroughly cleaned to minimize any cross-contamination of BHD. If there was not a sufficient amount of BHD present to conduct the required analyses (i.e., about 10 g), this was recorded and no sample was collected. Sampling for replications of BHD was limited by available dust volume and resulted in five samples from Facility 1, 29 samples from Facility 2, and 10 samples from Facility 3. Additional sampling occurred periodically after each flock for one year from the sidewall ventilation fans at House 4 of Facility 2. Table 1 summarizes the date, fan type sampled, and the number of dust samples collected on each date from each facility.
Samples were transported immediately following collection to the University of Arkansas, Agricultural Diagnostic Laboratory (Fayetteville, AR) or shipped to A&L Laboratories (Memphis, TN) for nutrient analyses. In all cases, samples were analyzed in triplicate.
Chemical Analyses of Broiler Litter and Broiler House Dust
Total P, calcium (Ca), potassium (K), and magnesium (Mg) were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) (PerkinElmer Optima 7300, Waltham, MA) after ashing 1.0 g of BHD or BL in a muffle furnace at 550˚C for 4 hours. Ash was dissolved in 10 mL of concentrated HCl, transferred to 100 mL volumetric flasks and diluted to volume with distilled water [10] . Moisture content of the BHD and BL was determined by oven-drying at 110˚C for 6 hours, which was subsequently used for correction of nutrient concentrations to an oven-dry basis. Total carbon (C) and total N (TN) were determined by dry combustion [11] . The pH of the BHD and BL was determined by standard potentiometric methods [12] , and water-extractable P (WEP) was determined by endover-end shaking 1 g of material with distilled water at a 1:100 ratio for 1 hour at 24.2 rpm [13] . The mixture was centrifuged (Beckman Coulter Allegra X-15R, Pasadena, CA) for 20 minutes at 5250 × g, filtered through a 0.45-μm filter, and P was determined by inductively coupled, argon plasma spectrophotometry. This water extraction is the standard method used across the US to estimate manure-P solubility and is used in site risk assessment of P loss as a part of the 590 Conservation Standard for nutrient management [14] . Water-extractable P concentration of BHD and BL was calculated as the P concentration per unit dry weight of litter. Ammonium-N (NH 4 -N) and nitrate-N (NO 3 -N) concentrations were determined following extraction with 2M KCl on an autoanalyzer (Skalar SanPlus, Breda, The Netherlands) using salicylic acid and cadmium reduction methods, respectively [15] .
Statistical Analyses
Homogeneity of variance was evaluated among facilities for each dust parameter measured. Separate one-factor analyses of variance (ANOVA) were conducted to evaluate the following: a) the effect of integrator facility on the chemical composition of the BHD, b) differences in the concentration of measured constituents in BHD between fan types and among seasons from House 4 at Facility 2, and c) differences in chemical constituents between BHD and BL based on a randomized complete block design. Linear regression was conducted to evaluate the relationship between water-extractable P and total Ca concentrations in BHD. When appropriate, means were separated by least significant difference at the 0.05 level. All relationships are reported as statistically significant at P < 0.05, unless otherwise noted. Wolfram Mathematica (online beta version 2014, Wolfram, Champaign, IL) was used to conduct all statistical analyses.
Results and Discussion
General Summary of Dust Sampling
Based on visual observations, BHD quantity varied among fans within the three facilities and several fans did not contain adequate dust for sampling. This variability was likely due to differences in shutter and protective cover design. For example, some tunnel ventilation fans were covered only by wire protective covers, while others were covered by shutters that have a greater surface area on which dust can settle. At Facility 1, houses only had two sidewall fans per house and five tunnel fans used for both ventilation and temperature control. Thus, at Facility 1, only tunnel ventilation fan shutters contained sufficient dust volumes for composite sampling in October 2011 (n = 5 total). At Facility 2, BHD collected from both sidewall ventilation fan shutters and tunnel ventilation fan bird barriers contained sufficient dust volumes for composite sampling in September 2011 (n = 29 total). Also, at Facility 2, four sidewall ventilation fans in House 4 were sampled between each of five production flocks over one year (i.e., approximately every eight weeks) between April 2012 and January 2013 (n = 20 total). At Facility 3, only sidewall ventilation fan shutters contained sufficient dust volumes for composite sampling in January 2012 (n = 10 total). Tunnel ventilation fans at this facility were covered by wire protective covers, with little surface area for dust to settle. Table 1 summarizes timing, facility, and fan type for BHD collection.
Dust Composition Differences among Facilities
Dust composition varied between the facilities sampled based on likely differences in integrator feed blends and house management. The pH of BHD ranged from 7.0 to 7.8 among the three facilities ( Table 2) , respectively, while TP and WEP concentrations tended to be more consistent ranging from 11.9 to 20.6 and 3.9 to 8.3 g·kg −1 , respectively ( Table 2) . Water-extractable P represented between 22.5% and 54.2% of TP ( Table 2) . Table 2 summarizes the minimum, maximum, and variance for all measured BHD properties for each facility.
Among facilities, five of 12 BHD properties measured (i.e., TN, C, K, NH 4 -N, and pH) had significantly different variances (P < 0.05; Table 2 ). Total N concentrations were most variable at Facilities 1 and 3, while K concentrations varied most at Facility 3. Carbon concentrations were most variable at Facilities 2 and 3.
In general, these variances demonstrate that BHD composition can vary several fold as a function of house and feed management, which is determined by each integrator. Specifically, variability in BHD C and K concentrations among facilities is likely related to bedding management and bird excretion locations. Bedding materials, such as wood shavings and rice hulls, can contain up to 400 and 50 g·kg −1 of C and K, respectively [16] [17] . When freshly hatched broiler chicks are placed in a production house, half of the house is generally closed off with curtains while the birds are small to more efficiently help birds retain body heat. After 10 to 14 days, the curtains are removed. This results in uneven distribution of manure throughout the house. The litter (i.e., bedding and feces) in the house is continuously composting, but more rapidly in the half of the house where fresh manure is deposited due to the contribution of moisture, C, N, and P that are consumed by the bacteria to create energy. Where greater rates of composting occur, greater quantities of nutrients in the bedding are available to be adsorbed onto dust particles.
The variability in TN concentrations of BHD among facilities was likely a result of integrator feed composition differences. The variability in N fractions among facilities was likely related to litter composting rates of nitrifying bacteria as they converted ammonia into nitrite and 3 
NO
− . Similar to N compounds, differences in BHD pH variability among facilities were also likely a result of integrator feed composition differences. The remaining seven of the 12 BHD properties measured, including moisture content, dry matter, P, Ca, NO 3 -N, WEP, and percent TP as WEP, demonstrated homogeneity of variance among facilities ( Table 2) . As the majority of the measured BHD properties showed homogeneity of variance ( Table 2) , ANOVA was used to evaluate differences among facilities.
Means of all measured BHD properties differed (P < 0.05) among facilities ( Table 3 ). The gravimetric moisture content of BHD in Facility 1 was 9%, which was lower than in Facility 2 (12.7%) and 3 (14.7%), which did not differ (Table 3) . Relatedly, in-house humidity can vary within and among houses at the same facility depending on ground moisture outside the house and litter moisture in the house. Facilities are typically constructed by excavating soil from between houses and mounding it where the houses will be constructed to form a raised pad. The remaining lower areas between house pads are graded to create a gentle slope for runoff water to drain away from the production area. If the land between houses is not graded sufficiently to allow for adequate drainage, water can pond and raise the humidity of air adjacent to houses. When this air is pulled into the house during ventilation, it can raise the in-house humidity, which in turn raises the moisture content of the BHD and BL. Additionally, if water lines or drinkers are leaking inside a house, the litter moisture content can be elevated, resulting in more localized increases in humidity. In this study, surface ponding of water was observed between houses at Facility 3, which had the greatest numeric moisture content in the dust. In addition, the height of the grass growing between the houses at Facility 3 was over 15 cm, which also contributed transpiration humidity near ventilation intakes, which either did not occur or occurred to a lesser degree at the other two facilities.
Phosphorus is a macronutrient required for healthy bone and cell growth in broiler chickens, and because broilers cannot breakdown phytate-P common in corn (Zea mays L.) and soybean (Glycine max [L.] Merr.), feed is supplemented with mineral P to ensure birds absorb sufficient quantities of P. However, P is inefficiently utilized by birds, with about 30% of ingested P utilized [18] . The remaining P (~70%) passes though the bird's digestive tract and is excreted [19] . As TP and WEP are primary contributors to runoff water impairment, quantification of these parameters in BHD is important when considering the potential contribution of P to runoff from broiler production facilities. Total P was greater at Facilities 2 and 3, which did not differ, than at Facility 1, while WEP concentrations were greater at Facility 2 than at Facility 1 and 3, which did not differ ( Table 3) . In contrast, the percentage of TP as WEP was greater at Facility 1 than at Facility 2 and 3, where there was no difference ( Table 3) .
Combining all BHD samples collected from the three facilities, there was a significant relationship (P < 0.05) between WEP and total Ca concentrations of BHD (Figure 2) . This suggests that Ca in the BHD might be acting as a carrier for some of the P by forming Ca-P complexes, which are water soluble. The fact that the percent of TP in BHD that is WEP varies little with facility or fan type (Table 4) reinforces the suggestion that Ca may be acting as a carrier for WEP, rather than influencing the solubility of BHD P. The variation in the Ca concentration of BHD is likely due to feed management, litter bedding material, and number of flocks of poultry birds on the BL.
The remaining BHD properties measured (i.e., DM, TN, NH 4 -N, NO 3 -N, Ca, and K) varied among the three facilities, with no consistent trends observed ( Table 3) . Each integrator company creates a unique and proprietary feed mixture for broiler chickens, which varies based on bird age. The tailored feed is designed to promote rapid growth of muscle, the meat produced for human consumption, while maintaining bird health. While corn is the dominant dietary component in broiler feed, other fat and protein sources are added to feed to provide a balanced diet.
Dust Composition Differences among Fans within a Single Facility
Combined across sample dates, BHD composition (i.e., moisture content, dry matter, TN, TP, K, and WEP Figure 2 . Relationship between water-extractable P and total Ca concentration of broiler house dust collected from three commercial operating broiler production facilities in northwest AR. concentrations, and the percentage of TP as WEP) did not differ among sidewall fans in House 4 at Facility 2 ( Table 4) . These results indicate that BHD composition was spatially uniform among fans within this single broiler house. This consistency in BHD composition among fans indicates that, although fans were installed at different locations along a wall of a house, and they operated at different times and for different purposes throughout a flock, the particulate matter that became airborne and was transported to the fans was uniform. Uniformity of BHD composition among fans within a single facility was not expected since the birds did not occupy the entire house throughout a flock production cycle and, as a result, manure was not deposited uniformly throughout the house.
Though BHD composition did not differ among fans within a single facility (Table 4) , combined across fans in House 4 at Facility 2, BHD composition varied with time ( Table 5 ). The moisture contents of dust samples collected in January 2013 were greater (P < 0.05) than those in April through October 2012 ( Table 5) . This was likely due to decreased ventilation during cooler winter weather to retain heat and reduce energy costs. The average moisture of the BHD collected in January 2013 was 21.6% (Table 5) , slightly less than the average moisture content of the BL (Table 6 ). However, the average moisture content across all of the dust samples from the five flocks, 13.1%, was approximately half that of BL [3] . Potassium concentrations in dust samples collected in April through August 2012 were greater (P < 0.05) than those in October and January ( Table 5 ). The differences in BHD K concentrations were likely a result of dietary changes based on the type of grains and supplements available. In contrast to the moisture content and K concentrations, combined across fans, TN, TP, and WEP concentrations in the BHD did not differ over time, and averaged 84, 13, and 6002 g·kg −1 , respectively ( Table 5) . Similarly, the percentage of TP as WEP remained relatively constant with time at almost 50%, irrespective of sample date ( Table 5) . Results show that differential fan usage over time affects some, but not all of the BHD component concentrations measured over time.
Composition Differences between Broiler House Dust and Litter
Broiler house dust is composed of lighter-weight particles of BL and feed. Broiler litter particles are detached and transported as a result of bird scratching and ventilation airflow. Loosely bound, pelletized feed separates into smaller particles when feed augers operate to deliver feed to feed pans. Both BL and feed particles become airborne and are transported with ventilation airflow. It was hypothesized that the chemical composition of BHD would thus be similar to the BL from which it originated. However, most of the BHD properties differed significantly (P < 0.05) from that in BL from which the dust originated ( Table 6) .
The average moisture content of the BL from each facility was at least 1.9 times greater than the BHD from the same facility (Table 6 ). In fact, BHD had the appearance of flour, while BL was similar to moist, mediumtextured compost.
The primary focus of the comparison of BHD to BL was on the parameters known to impair water quality by accelerating eutrophication (i.e., P and N) [20] [21] . Average TP, WEP, and TN concentrations of BHD were at least 1.2, 1.6, and 3.0 times greater, respectively, than of BL from the same facility (Table 6 ). Of particular importance to potential nutrient runoff is the proportion of BHD TP as WEP, which was, on average, 1.6 times greater than in BL ( Table 6) .
These results have direct implications to the potential for nutrient enrichment of runoff from broiler production facilities, compared with runoff from fields to which litter has been applied. While BL is land applied as a fertilizer to crop and hayland, BHD is deposited in concentrated areas adjacent to the fan exhaust of production houses. On a per unit area basis, the amount of BHD deposited on a 25-m 2 area adjacent to a sidewall/tunnel fan, approximately 4500 kg·ha −1 (or 2 tons ac −1 ), is similar to BL routinely applied to pastures in northwest AR [3] [4] . However, due to the greater concentration of P and N in BHD than BL, this equated to a deposition of 474 and 71 kg·ha −1 as TN and TP, respectively, as BHD (average of the three facilities) and 152 and 55 kg·ha −1 as BL that is potentially available for transport in surface runoff.
Conclusions
The nutrients that contribute to increased rates of surface water eutrophication, P and N, are present in BHD. There were distinct differences among integrator/producer facilities in nutrient concentrations of BHD collected from active broiler production houses. This was likely due to differences in dietary mixtures used by integrators, bedding material, and other in-house management protocols specific to each producer. Therefore, facilities producing for different integrators should be evaluated for their unique potential to contribute P and N to stormwater runoff.
Although the concentrations of TP, WEP, and TN in BHD varied among facilities, these concentrations were consistently greater in BHD than in the source BL from the same facility. Additionally, the moisture content of the BHD was approximately half that of the BL from the same facility. Due to the variability of moisture content, TP, WEP, and TN between BHD and BL, research that has been conducted on BL to assess the potential for nutrient transport in stormwater runoff from poultry production facilities cannot be considered equivalent to using BHD. Therefore, it is important to evaluate the chemical composition, volume, and weight of BHD exhausted from house fans, and to assess the potential for BHD nutrients to be transported to nearby streams and rivers.
